Microstrip cells based on etched defectshave led to many innovations in the development of radiofrequency systems. Their small size, easy construction and improved frequency responses make the approach attractive for circuit design. However, somecells based on etcheddefectsproposed in the literature presentsignificant radiation loss which in turn becomes a significant source of interference with other planar components. In this article, two different types of microstrip cells are studied in terms of frequency responses and radiation loss and a new structure based onan etched sloton the ground plane that introduces an improvement in the reactive performance over wider frequency bands is introduced. Results of etched defects on both ground plane and microstrip line built on the same substrate FR4are corroborated with measurements.Low discrepancies between electromagnetic modeling and measurements confirm the design procedure.
CONVENTIONAL DGS AND DMS CELLS
.a shows the DGS structure as proposed initially in (Ahn,2001) . Actually, it is theprecursor of a type of cells with etched defects on the backside ground plane and in its basic form comprises an aperture of size,g, and two rectangular etches of size a and b connected together through a small slot of area W×g. Etches have a thickness equal to the backside ground plane's. The strip line have a wide ofW mm.This cell was proposed to increase the equivalent distributed inductance and capacitance to form the slow wave effect without changing the stripline wide. This represents a structural advantage because discontinuities and the resulting parasitic effects at higher frequenciesare avoided,contrasting favorably, for example; with step impedance filters (Pozar.1990 ). Fig. 1.b shows a practical realization of this structure based on substrate FR4 (from Accurate Plastics Inc., Epoxi-Glass G10 FR4®), which is widely used on circuit board design (Thierauf,2004) . Table 1 shows electrical, material-related characteristics and size of microstripline sections of 50 Ohms that feed the cells. The DMS cell is based on a defect on the stripline which consists of etching a slot along the strip as shown in Fig. 2 . In a conventional microstrip, the speed of propagation is given by c/ eff , (ratio of the speed of light in vacuum to the square root of the effective permitivity of the microstrip). The slow wave effect is created by the distributed inductance along the slot etch. The cut-off frequency is determined by a relationship between the equivalent inductance of the slot and the stub length that provides reactive effects to ensure cut-off frequency and resonance effect.Owing to its particular performance characteristics, such structure was initially proposed to complement the DGS cell (Tirado-Mendez,2008) .
FREQUENCY RESPONSES
Figures 3.a and b shows scattering parameters as obtained by 3D-EM simulations using fine mesh resolutions. It is shown that both cells have similar attenuation levels and resonance frequencies. Although the tuning of cell parameters was aimed at achieving the same resonance frequency of both cells, such process employed coarser mesh resolution given the large computation time required for each simulation. Such modeling inaccuracies resulted in distinct actual resonance frequencies once the cells parameters were chosen. Table 2 itemizes DGS cell has a 3dB cut-off frequency equal to 0.6 GHz which results lower than that of the DGS with a f 3dB equal to 1.01GHz. Figure 3 .a displays responses of the DMS cell which presents periodic responses; the first zero at 3.2 GHz and a second pole at 4.8 GHz. On the other hand, the reactive effects of DGS-based cells do not present periodic responses and introduces an almost constant attenuation beyond resonance. The reflection parameter |S 11 | shows a large impedance coupling at input-output ports at low frequencies as well as periodic responses of the DMS cell.
Experimental results were carried out assuming as a good approximation absorption conditions, as taken into consideration in the3D-EM modeling. Fig. 4 .a and b allows contrasting measurement and simulation results of S transmission parameter. The DMS cell has a resonance frequency equal to 1.720 GHz and attenuation equal to 25.85 dB, which compares favorably with simulation results; a resonance equal to 1.670 GHz and attenuation 28.42 dB. The DGS cell resonates at 1.60 GHz and introduces an attenuation of 29.26 dB and compares again favorably with simulation results; resonance at 1.58 GHz and attenuation equal to 28.42 GHz.
At higher frequencies discrepancies between measured and simulated results are apparent, for instance; at 3GHz the differences of the magnitude of transmission parameter are of about 5 dB. It is believed that the feeding base made of alumina acting as a one-inch height wall modifies the radiation characteristics
LOSSES OF WAVEGUIDES
In order to compute radiation losses, EM boundary conditions and enclosing box size need to be chosen. Fig. 5 shows boundary conditions used in 3D modeling andthe selection of geometric parameters of the enclosing box allows keeping low interactions with boundary walls (minimal couplings with electricwalls and absorption of scattering waves). The optimization of coupled power from input port was performed in a wide range of frequencies by minimizing the reflection coefficient at the maximal frequency of interest,  max . The reflection coefficient at the input port is given by:
whereZ in is the impedance seen looking into the structure. The impedance has the equation [2]:
whereP s is the average power from the port (normalized to 1W in simulations). P loss is the average loss power associated with far-end reflections; ohmic losses in metals; dielectic losses; and radiation.  is the angular frequency, I is the current phasor at the input port, and W m and W e is the magnetic and electric energy, respectively, in the enclosed volume. The reflection coefficient defined by Eq. 2 takes into consideration all propagation phenomena that takes place in the waveguide.
Coupled power at the input port is optimized by finding the parameters of the enclosing box that minimizes |Z in ( max )  Z 0 |, taking Z 0 as the TEM characteristic impedance and Z in is the line impedance. Power coupled to microstrip line sections is given by:
Where E t y H t are transversal electric and magnetic fields, respectively, and dA is the infinitesimal area of the transversal section of the transmission line. In Cartesian coordinates, dA = dzdye x being e x the propagation axis. Since each microstrip line section is a quasi-TEM structure, the power field show dispersion and radiation losses. Radiation loss is computed by: whereS is the power flux vector abandoning the structure, ∂V is the surface with boundaryconditions defined with absorption conditions in the enclosing box and dA is the differential element pointing towards outside the structure.
Figure 5 Boundary conditions with absorption conditions on lateral walls.
In order to have a reference to compare with, we begin with the conventional microstrip line. The characteristic impedance of microstrip line section becomes different from the reference port impedance (which in simulations is fixed constant over the whole frequency interval) because the electric field penetrates the dielectric with frequency giving rising to changes in the material electric permittivity and frequency-dependent propagation constant. Therefore, the microstrip line sections behave as transmission lines with low reflections. In such design condition the microstrip line have losses associated to power dissipation in metal, losses of substrate dielectric and to a lower extent to radiation. Radiation presents different mechanisms to couple power field to the surrounding space, not only as a propagation wave that couple directly into the free space, but also as a wave propagating in the dielectric in zigzag until diffracting on the interface dielectric-lateral wall. Fig. 6 displays radiation losses of the microstrip line, DGS and DMS as computed by Eq. 4. Microstrip line has the lowest losses over the range of frequency whereas the DGS exhibits the largest radiation losses. Notice the DMS cell performs similarly to the conventional microstrip andcan be explained by the near field created around the slot of the etched defect of width W s , being such a parameter much lower than the minimal wavelength of interest. It is important to consider the low radiation losses in the selection of the DMS cell over the DGS cell. The DGS cell on the other hand presents a large diffraction effect in the dielectric interface. Radiation loss gives rise to a mild attenuation level above resonance frequency, low insertion losses in the reject band (approximately equal to 10 dB for a frequency above 3 GHz) and a sustained increase of return losses with frequency (see Fig. 3.a and b; respectively) . Losses can be up to 40% of the input power at the highest frequency of interest. Owing the large amount of loss power, it is fundamental to take into consideration radiation which is not explicitly analyzed in (Tirado-Mendez,2008 ., Ahn,2001 .
4.NEW ETCHED GROUND-DEFECTED CELL
DMS cells were proposed to complement DGS cells in a way that acascadeof DMS-DMS cells connected in a back-to-back configurationcan enhance the rejection and bandpass characteristics (Tirado-Mendez,2008) . Fig.  7shows the proposed cell structure, which can be seen as a modification of the standard DGS cell. It consists of the same ground etched defect as in DGS cell but also includes a stub of length L m extending around the slots area of size a and b. The stub etched behaves similarly to a DMS cell and introduces an inductance in addition to that created by the slot of areaa×b. This cellallows a reduction in cell size of about 35 percent. Table 3 itemizes geometrical parameters of the cell design. Table 3 were chosen to achieve large attenuation losses over frequency. Fig.3 displays S parameters of the design and allows contrasting with those of conventional DGS in the interval 0-10 GHz. Notice that the resulting amplitude frequency response is not periodic and presents a zero and a pole approaching 2 GHz. The new cell compares favorably to the conventional DGS cell as the DGS withstub introduces larger attenuationand lowerreturn losses over wide frequency intervals.
The 3dB cut-off frequency of the new structure is similar to that of DGS and is set by the inductance associated to both the a×bslot area and the stub etched on the ground plane. This is set at a frequency which the equivalent stub impedance is equal to zero Ohms.
The ability to attenuate high frequency components by the DGS with stub lies on the reduction of the capacitance associated to the gap size, g, permitting to create a better equivalent impedance match. About 2 GHz, the amplitude response is worse than that of conventional DGS cell however a cell design with a pole about this frequency could be used to improve responses, as suggested in the DGS-DMS cell design in (Tirado-Mendez,2008) 
5.CONCLUSIONS
Microwave filter design based on etched defects needs for EM analysis highlightingradiation as a fundamental characteristic to be taken into account. It is found that the DGS cell presents large radiation loss given that the slots on the backside creates large EM-field leak hence potentially unwanted couplings with other planar components. Low discrepancies between measured and simulated S parameters were obtained using high mesh resolution in the modeling.It is seen that the DMS cell creates a near-field around a narrow slot to create the slow-wave effect whilekeeping an amount of power loss similar to that of conventional microstrip line, however; the DMS provides periodic zeros and poles over frequency. A new cell design is introduced as a modification of a DGS cell dubbed as DGS with stub. It presents an increased attenuation over a wide range of frequencies and allows a reduction in the cell size. The large attenuation levels makes this cell an interesting circuit for microwave filter design.
